Introduction {#Sec1}
============

Recently, the LHC experiments ATLAS and CMS, have reported an excess of di-photon events at an invariant mass around 750 GeV from data at LHC run 2 with *pp* collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}= 13$$\end{document}$ TeV \[[@CR1], [@CR2]\]. The absence of data on other channels such as *WW*, *ZZ* and $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\gamma $$\end{document}$ indicate that the interpretation of these events cannot be accommodated within the Standard Model (SM). It has been suggested that an interpretation requires new physics beyond the known SM context. In fact this effect hints to the existence of singlets and vector-like states in the low energy spectrum of the theory. The observed resonance could be explained by a SM scalar or pseudoscalar singlet state *X* \[[@CR3]--[@CR8]\] with mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_X\sim 750$$\end{document}$ GeV.[1](#Fn1){ref-type="fn"} This state could be generated by the gluon--gluon fusion mechanism while subsequently it decays to two photons. Schematically, this is described as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} gg \rightarrow X\rightarrow \gamma \gamma . \end{aligned}$$\end{document}$$In a renormalisable theory, the production and decay in this process can be realised through loops involving appropriate vector-like states. Remarkably, a common phenomenon in string theory model building is the occurrence of new singlet fields and vector-like exotic states in the massless spectrum of the effective low energy models which can mediate such processes \[[@CR9]--[@CR26]\].[2](#Fn2){ref-type="fn"}

F-theory models in particular offer a wide range of possibilities \[[@CR28], [@CR29]\]. Unlike other string constructions, they admit exceptional gauge symmetries such as $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_8$$\end{document}$ and its subgroups, which incorporate naturally the concept of gauge coupling unification. Besides, when most of the successful old GUT groups are realised in an F-theory background they naturally predict vector-like pairs of quarks and leptons in the light spectrum. In fact, when the GUT symmetry is $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SO}(10)$$\end{document}$ or higher the appearance of such states is unavoidable \[[@CR28]\].

Inspired by the above facts, in this note we construct a flipped $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SO}(10)$$\end{document}$ model embedded in an F-theory motivated $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_6$$\end{document}$ unified gauge group \[[@CR30]--[@CR32]\]. We show that this construction includes singlets as well as vector-like states which come with the quantum numbers of SM particles capable of mediating processes such as the di-photon production. In addition, we find that other vector-like states with exotic quantum numbers emerge from the adjoint decomposition.

The study of this alternative embedding is well motivated in F-theory constructions where the GUT symmetry can be as large as $\documentclass[12pt]{minimal}
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                \begin{document}$$E_8$$\end{document}$. Indeed, in the restricted case of minimal $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SU}(5)$$\end{document}$, there is a unique assignment of the hypercharge generator in this group. However, there are many possibilities with a larger GUT symmetry and includes additional *U*(1) factors. In the case of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SO}(10)\rightarrow \mathrm{SU}(5)\times U(1)_{X}$$\end{document}$, with the standard hypercharge assignment the extra $\documentclass[12pt]{minimal}
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                \begin{document}$$ U(1)_{X}$$\end{document}$ factor is treated as a spectator, but there is no compelling reason for this. Similarly, in the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_6$$\end{document}$ case, there are two additional *U*(1) factors that could contribute to the hypercharge. Thus, different embeddings lead to distinct phenomenological predictions. In this work we wish to consider an alternative embedding of the hypecharge generator and try to assess the model in terms of its low energy predictions.

In order to obtain chiral matter we will assume the existence of a suitable four-form flux. Of course, the flux depends on the choice of the four complex dimensional Calabi--Yau (CY) manifold and the geometric properties of the divisor supporting the specific singularity ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_6$$\end{document}$ in the present case). For our present purposes, however, we will work in the spectral cover approach where the properties of our local construction can be adequately described in the infinitesimal vicinity of the GUT divisor, and therefore, we will rely on the assumption that such a manifold exists.

The layout of the present paper is as follows. In the next section we present an $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SO}(10)$$\end{document}$ flipped model embedded in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{E}_6$$\end{document}$ gauge symmetry. We discuss the basic properties of its spectrum and the predicted exotics. In Sect. [3](#Sec3){ref-type="sec"} we derive the superpotential of the effective model emerging under the action of a $\documentclass[12pt]{minimal}
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                \begin{document}$$Z_2$$\end{document}$ monodromy. Next, in Sect. [4](#Sec4){ref-type="sec"} we focus on the existence of exotic vector-like pairs and singlet field which are suitable to contribute to the di-photon emission in *pp* collisions. We present our conclusions in Sect. [5](#Sec6){ref-type="sec"}.
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In F-theory the gauge symmetry of the effective theory is linked to the geometric singularity of the compactification manifold. In the elliptic fibration these singularities are described by the sequence of the subgroups of the exceptional group $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_8$$\end{document}$. In the present F-theory construction we will analyse an $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SO}(10)\times U(1)$$\end{document}$ gauge symmetry which admits a natural embedding in the exceptional group $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal{E}_6$$\end{document}$. Therefore, with respect to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_8$$\end{document}$ we have the following breaking pattern:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal{E}_8\supset \mathcal{E}_6\times \mathrm{SU}(3)_{\perp }\supset \mathrm{SO}(10)\times U(1)_{X'}\times \mathrm{SU}(3)_{\perp } \end{aligned}$$\end{document}$$where, in accordance to the standard terminology, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SU}(3)_{\perp }$$\end{document}$ factor is considered as the group 'perpendicular' to $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_6$$\end{document}$ GUT divisor. We will assume a semilocal approach where the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_6$$\end{document}$ representations transform non-trivially under $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SU}(3)_{\perp }$$\end{document}$. The matter content arises from the decomposition of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} 248\rightarrow (78,1)+(1,8)+(27,3)+(\overline{27}, \overline{3}). \end{aligned}$$\end{document}$$In the spectral cover approach the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_6$$\end{document}$ representations are distinguished by the 'weights' $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{SU}(3)_{\perp }$$\end{document}$ adjoint 'decomposes' into singlets $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} (1,8)\rightarrow \theta _{ij},\;\ (27,3)\rightarrow 27_{t_i},\; (\overline{27},\overline{3})\rightarrow \overline{27}_{-t_i}, \end{aligned}$$\end{document}$$while the $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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If some of these bulk states remain in the light spectrum, they could contribute to new physics phenomena with possible signatures in future experiments. We will comment on these issues in the next section.
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Having determined the particle spectrum of the effective field theory model, we proceed now to the superpotential. We find it convenient to perform the analysis using the spectral cover approach. Given that there are two non-trivial $\documentclass[12pt]{minimal}
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In a similar way for the Higgses we require$$\documentclass[12pt]{minimal}
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We emphasise that in our framework the chiral states emerge only from the $\documentclass[12pt]{minimal}
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To allow for tree-level invariant Yukawa couplings the Higgs fields are accommodated in $\documentclass[12pt]{minimal}
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We note, however, that there are strong constraints on the spectrum due to the fact that the hypercharge flux should be globally trivial \[[@CR37]--[@CR39]\]. In the present model, however, we can evade such constraints if we appeal to the ordinary Higgs mechanism for the $\documentclass[12pt]{minimal}
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Indeed, we first point out that the massive Kaluza--Klein modes affect gauge coupling unification since their mass scale (associated also with the right-handed neutrino mass) is comparable to the GUT scale \[[@CR36]\]. Moreover, in F-theory derived GUT models there are many massive states charged under the Standard Model gauge group which split the values of the gauge couplings at the GUT scale. Hence, in general we do not expect precise unification \[[@CR43], [@CR44]\]. Furthermore, the $\documentclass[12pt]{minimal}
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Di-photon emission {#Sec4}
==================

As pointed out above, a particularly interesting fact in these F-theory based constructions is the presence of exotic matter in the low energy effective theory. Since matter in these models has a geometric origin, the precise massless content depends on the specific choice of the compactification manifold and the fluxes are parametrised in terms of a few integer parameters.Table 2$\documentclass[12pt]{minimal}
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Fig. 1Vector-like representations $\documentclass[12pt]{minimal}
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In the present example this dependence is shown in Table [2](#Tab2){ref-type="table"}. Two specific choices lead to the spectra given below. Starting with a minimal case, we choose $\documentclass[12pt]{minimal}
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However, this minimal choice of parameters does not provide vector-like pairs of coloured particles to mediate the *X*-production from gluon fusion, because the couplings of these states to an appropriate singlet are suppressed. This can be achieved if we instead choose $\documentclass[12pt]{minimal}
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Next we provide an estimate of the contributions of the above exotics to the di-photon excess. We assume that the production mechanism of the scalar resonance is mainly from gluon fusion, mediated by loops of the colour triplets, while its decay is mediated by triplets and ($\documentclass[12pt]{minimal}
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For a numerical application, we first consider the existence of only one singlet field *X* with mass $\documentclass[12pt]{minimal}
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Bulk matter {#Sec5}
-----------

Before closing, we would like to make a final comment on the possible existence of additional 'exotic' matter interactions. As we have pointed out, exotic matter arises from the decomposition $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf{16}_{-3}$$\end{document}$, and as such they have exotic charges. Such states could pick up masses at a high scale, in the case that some of them remain light. Due to their large *Y*-hypercharge, they can in principle make a significant contribution to the production and decay of the resonance. As can be observed, all these states come in vector-like pairs, and therefore a possible coupling that could make them massive is$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathbf{78}\cdot \mathbf{78}\cdot \mathbf{1} \rightarrow M_{Q'} Q'\bar{Q}' +\cdots . \end{aligned}$$\end{document}$$Since these states carry non-zero 'charges' under the three *U*(1)'s, in principle, non-trivial fluxes might lead to additional chiral states. Nevertheless, a solution to this problem is feasible if certain topological properties are assumed.

Indeed, we first recall that the number of states is given by the Euler character $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal{{L}}_1= & {} (5,0,0), \quad \mathcal{{L}}_2 = (1,4,0), \quad { \mathcal {L}}_3 = (1,-1,-3) .\nonumber \\ \end{aligned}$$\end{document}$$It can be shown that by imposing relations analogous to ([34](#Equ34){ref-type=""}) for the three line bundles, all exotic states appear in vector-like pairs and hence, no chiral matter arises from the bulk modes. Moreover, in the minimal case the extra states emerging from $\documentclass[12pt]{minimal}
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**Note Added**:

After this paper was submitted for publication the ATLAS and CMS experiments have reported results based on updated analysis including data collected during 2016. This data does not support the presence of the 750 GeV resonance previously reported in 2015 and in Moriond 2016. We should emphasise that our string inspired $\documentclass[12pt]{minimal}
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                \begin{document}$$E_6$$\end{document}$ model predicts the existence of the di-photon resonance as well as vector-like fields. Hopefully, some of these states can be discovered at the LHC and future colliders.

Conclusions {#Sec6}
===========

In this work we have constructed a flipped $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{E}_6$$\end{document}$ to realise the symmetry breaking and generate the chiral families in the low energy spectrum of the effective theory. We have presented simple cases that contain the three chiral families of quarks and leptons. Furthermore, motivated by the 750 GeV di-photon resonance reported by the ATLAS and CMS experiments, we have given examples where the low energy spectrum consists of vector-like fields with a variety of MSSM quantum numbers containing both coloured and leptonic states, as well as gauge singlets. The flipped SO(10) model yields several vector-like $\documentclass[12pt]{minimal}
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Although the present experimental data are not sufficient to unambiguously confirm the existence of the resonance event, the discovery of similar resonances at some higher energy scale accessible by the LHC is plausible. In the present model we can, in principle, adjust the free parameters to accommodate such resonances at higher mass scales.

There is a vast list of recent publications on possible interpretations of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma \gamma $$\end{document}$ excess. For a comprehensive list of models and interpretations see \[[@CR27]\].
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Note that, because the sum of the roots is zero, $\documentclass[12pt]{minimal}
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Bold face is used for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{SO}(10)$$\end{document}$ representations, to avoid confusion with those of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{SU}(5)$$\end{document}$.
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